Due to specific adsorption to variable charge soils, low molecular weight organic acids (LMWOAs) have not been sufficiently extracted, even if common extractants, such as water and 0.1 M sodium hydroxide (NaOH), were employed. In this work, the method for extracting LMWOAs in soils with 0.1 M NaOH was improved for variable charge soils; e.g. 1.0 M potassium fluoride (KF) with pH 4.0 was applied as an extractant jointed with 0.1 M NaOH based on its stronger ability to change the electrochemical properties of variable charge soils by specific adsorption. With the proposed method, the recoveries of oxalic, tartaric, malic, citric and fumaric acids were increased from 83 ± 4, 93 ± 1, 22 ± 2, 63 ± 5 and 84 ± 3% to 98 ± 2, 100 ± 2, 85 ± 2, 90 ± 2 and 89 ± 2%, respectively, compared with NaOH alone. Simultaneously, the LMWOAs in Agri-Udic Ferrosol with field moisture were measured with a satisfactory result.
Introduction
Low molecular weight organic acids (LMWOAs) are common in soils, especially in the immediate zone of the soil-root interface. As reported, the concentration of aliphatic organic acids in soil solutions generally ranges from less than 1 μM to 2 mM with an extreme value of 6.7 mM succinic acid, detected in a Norway spruce litter layer. [1] [2] [3] [4] LMWOAs are believed to play an important role in a variety of soil processes, such as the acquisition of plant nutrients (i.e. Fe, P), the protection of plant roots exposed to rhizotoxic concentrations of Al 3+ in acid soils, 5, 6 changes of the surface charge and electrokinetic properties of soils, 7, 8 and the weathering of soil minerals. 9 ,10 However, their roles in most of these processes remain unproven due to a lack of any fundamental understanding about the reactions of organic acids in soils. The major concern is that the current methods for quantifying organic acids in soils may vastly underestimate their concentrations, and do not reveal a large spatial heterogeneity. 11 The determination of LMWOAs in soils is mainly composed of two steps, e.g. extraction and detection. Chromatographic analysis is a routine technique for the detection of LMWOAs. 1, 2, 12, 13 With the detection procedures optimized, the techniques can meet the need for the determination of several organic acids. The extraction step, to free organic acids from bulk soils, should be a key procedure for developing an available method for the determination of organic acids in soils. At present, there are many means developed for obtaining the LMWOAs from bulk soils, such as lysimeters, 14 flow-through microdialysis, 15 and centrifugation, 1,2 etc. Obviously, the LMWOAs obtained by these methods are merely the fraction in soil solution, but not for those bound to the surface of the soil solid state. Chemical extraction is an acceptable method for obtaining the total of LMWOAs in soils with several proposed extractants such as H2O, 16 HCl, 17, 18 KH2PO4 19 and NaOH. 12,20 Among these applied extractants, acids and bases may promote the desorption of organic acid anions from the surface of the soil solid state by the formation of organic acid molecules or a hydroxyl surface of aluminum and ferric oxides. 21 Variable charge soils, a dominating soil type in tropical and subtropical regions, are generally composed of both clay minerals with constant charge surfaces and ferric and aluminum oxides with variable charge surfaces. These soils usually have a higher anion adsorption capacity due to specific or electrical adsorption. 22, 23 However, there was little information on the extraction of the LMWOAs in variable charge soils. Fluoride ion has been reported to complex with aluminum, and to be used for the extraction of phosphate incorporated with aluminum in acidic soils. 24 Potassium ion is also used as an extractant for ammonium in soils. 25 In the present work, it was attempted to use 1.0 M KF with pH 4.0 as an extractant to compete for adsorption sites on the surface of the soil solid state with LMWOAs prior to the extraction of LMWOAs by 0.1 M NaOH with an objective to develop a method for the extraction of the LMWOAs in variable charge soils.
Experimental

Chemicals
All chemicals used were of analytical reagent unless otherwise stated. Double-distilled water was used throughout. Standard stock solutions of organic acids were prepared by dissolving an appropriate amount of organic acids in deionized water. Working solutions were prepared by dilution of the stock solution. A solution of 1.0 M KF with pH 4.0 was prepared by the titration of 1.0 M hydrofluoric acid (HF) with potassium hydroxide (KOH).
Apparatus
A Waters 600 series HPLC system with an Atlantis TM C18 (4.6 mm × 250 mm × 5 μm, Waters Company, USA) was used throughout. Data acquisition was performed using an exceed 2000 chromatographic station (Zhejiang Science Instrument Co., Ltd.). A precise acidometer (pHS-3C, Shanghai REX Instrument Factory) was employed for pH measurements.
Soil samples
Two field moisture samples on the upper layer (0 -20 cm) under both mason pine (Pinus massoniana Lamb) and Tumbledown Eucalyptus (Eucalyptus dealbata A. Cunn) were collected from Ecological Experimental Station of Red Soil, Chinese Academy of Sciences, located in central subtropical China (28˚13′ N and 116˚55′ E). The soils were classified to Agri-Udic Ferrosol (Alumi-Orthic Acrisol, FAO taxonomy). The main properties of the soils are given in Table 1 . Each soil sample was divided into two subsamples. One was used to study extraction procedures of the LMWOA and was stored at 4˚C until used; the other was used to evaluate of extraction efficiency, it was air-dried and ground, followed by passing 0.5 mm sieves.
Procedures for the extraction of LMWOAs
Moist field soil (20.0 g) was added to a 100 ml plastic centrifuge tube, followed by the addition of 10 ml of 1.0 M KF with pH 4.0 and shaking for 2 h. Soil suspensions were added with 30 ml of 0.1 M NaOH, and shaken again in a thermostat reciprocating shaker at 4 ± 0.5˚C. After a given time, the suspension was centrifuged at 10000 rpm for 30 min. The obtained supernatant was acidified with 0.1 -5.0 M HCl to precipitate humic acids, followed by filtration. The filtrates were extracted three times for the LMWOAs with 10 ml ethyl acetate. Then, a solution containing the LMWOAs was obtained by evaporation of the solvent in a rotary evaporator at 40˚C and redissolution of the residue in 1 ml double-distilled water. All of the samples were analyzed in triplicate, unless otherwise stated.
Recoveries of LMWOAs
The intermixture of 5 ml containing 10 μg/ml of oxalic, tartaric, methanoic, malic, lactic, acetic, citric and fumaric acids, respectively, was added to 10.0 g of air-dried soil samples. After being shaken for 4 h, the soil suspensions were centrifuged, and the soil residues were extracted by 1.0 M KF + 0.1 M NaOH. The details concerning the extraction of LMWOAs were as described above. Simultaneously, the concentrations of organic acids in the supernatants were determined for calculating the organic acids adsorbed by soils. The extraction efficiencies were compared with those obtained by water, single 1.0 M KF and 0.1 M NaOH.
Optimized conditions of HPLC for determination of LMWOAs
Solutions of LMWOAs prepared as mentioned above were analyzed by HPLC, as described in the literature, 13 e.g. the selected chromatographic column was an Atlantis TM C18; 10 mM KH2PO4 + 5% CH3OH was used as the mobile phase with v/v = 95:5 and pH 2.7 obtained by titration with H3PO4; the flow rate was 0.8 ml/min; 220 nm wavelength of the detector was chosen; a 10 μl solution containing LMWOAs was injected into the chromatographic column. All samples and solutions of the mobile phase were filtered through a 0.45 μm membrane prior to being injected or entering the chromatographic column. On the basis of these conditions, chromatograms of several organic acids were obtained with a detection limit ranging from 3.2 to 619 ng/mL, meaning that the optimized condition of HPLC could meet the quantitative determination of several organic acids.
Results and Discussion
Concentration of potassium fluoride
Fluoride ion, an inorganic ligand, was found to be adsorbed by variable-charge soils with the adsorptive capacity dependent on the soil pH. 22 The amount of fluoride ion adsorbed by goethite was suggested to be maximum, and two-times higher than phosphate at pH 4.0. 21, 22 These adsorbed fluoride ions promote not only the release of hydroxide ions on the surface of the soil solid state, but also a change in the electrochemical properties of variable charge soils. For instance, the adsorption of fluoride ion can maximally decrease the zeta potential of variable charge soils below pH 5.0, compared with phosphate, sulfate and chloride. 22 Therefore, KF was chosen as an extractant to add into soils prior to any further extraction of LMWOAs by 0.1 M NaOH.
The relationship between the KF concentration and the amount of LMWOAs extracted is shown in Fig. 1 . The extracted amounts of methanoic, lactic and fumaric acids were independent of the KF concentration.
The apparent independence of fumaric acid on KF was likely to be attributed to its lower content in the chosen soils. Malic, citric, oxalic and tartaric acids were increased by 285 ± 9, 40 ± 7, 18 ± 5 and 7 ± 4%, respectively, as the KF concentration increased from 0 to 1.0 M. However, the concentration of KF should be maintained an appropriate level, with excessively high KF not to raise the extracted amounts of LMWOAs. For instance, when the soils were extracted with 3.0 M KF followed by addition of 0.1 M NaOH, the amounts of most of the extracted organic acids were equivalent to those obtained with 1.0 M KF + 0.1 M NaOH. Since the supernatant containing LMWOAs and fluoride ion would be acidified before being extracted by ethyl acetate, using the higher dosage KF was uneconomic. In our methods, 1.0 M KF was proposed for the extraction of LWMOAs.
Extraction time
The extraction time is one of key factors that are responsible for the amount of organic acids extracted. In order to extract organic acids to the greatest extent, a sufficient extraction time is required. Figure 2 shows the extraction time dependence of the amount of organic acids extracted. The time required was related to the kinds of organic acids. Due to the lower content in soils, it was difficult to estimate the relationship between the extracted amount of fumaric acid and the extraction time. The extractions of methanoic and lactic acids were readily accomplished, and seemed to be less associated with the extraction time. However, for malic, oxalic, tartaric and citric acids, the extracted amounts significantly increased over time with the amount obtained for 20 h to approach to those for 24 h. These results indicated that 20 h was enough to extract organic acids in variable charge soils.
Acidification of supernatant
In general, LMWOAs in soils were extracted with alkali for several hours and determined with RP-HPLC, in which 10 mM KH2PO4 + 5% CH3OH was used as the mobile phase. Because of the lower pH value of the mobile phase (pH 2.7), the precipitates of humic acids extracted in supernatants likely resulted in choking the chromatographic column if the supernatant was directly injected into the chromatographic column. Freeing humic acid in the supernatant should be conducted prior to the enrichment of LMWOAs. The strategies used to free from humic acid were to acidify the supernatantcontaining LMWOAs. On the other hand, acidification could promote the formation of organic acid molecules, which benefited the extraction of LMWOAs by ethyl acetate.
Due to the difference in the dissociation ability, the molecular formation of LMWOAs should be different in response to the change in the pH value of the supernatant. As shown in Fig. 3 , most of the extracted LMWOAs were less affected by the acidity of the supernatant, while the pH value of the supernatant was below 2.5. However, the amount of extracted oxalic acid increased with a decrease in the pH value of the supernatant. Based on the dissociation constant, even if the solution pH was 1.0, approximately 35% of oxalic acid remained in the dissociation state. In order to transform the oxalic anion to a molecular state, the pH value of the supernatant should be below 1.0. Oxalic acid has been reported to be a familiar secretion from plant roots, and an important component of LMWOAs in soils. 3, 5 More attention should have been paid to oxalic acid while the method for extraction of LMWOAs was being developed. To operate readily, an equivolume of 2.0 M HCl was proposed to be used for acidification of the supernatant in our method.
A little fulvic acid occurred in a solution obtained by the proposed method (data not shown here). This was probably related to the extraction procedure and the lower content of organic matter in the chosen soils (Table 1) . After the soils extracted by 1.0 M KF with pH 4.0 and 0.1 M NaOH, the pH values of the soil suspensions were greatly lower than that generally used in the extraction of fulvic acid. Of course, a little fulvic acid that occurred in the solution did not interfere with the detection of LMWOAs, due to its shorter retention time.
Extraction efficiency
The extraction efficiencies of LMWOAs in variable charge soil were evaluated with the standard addition (shown in Table  2 ). The recoveries of organic acids extracted by the proposed 541 ANALYTICAL SCIENCES MAY 2007, VOL. 23 method ranged from 85 ± 2 to 100 ± 2%, and the sequence of their averaged recoveries arranged in decreasing order was tartaric acid ≈ methanoic acid ≈ lactic acid ≈ oxalic acid > citric acid > fumaric acid > malic acid. However, while the soil was extracted by 0.1 M NaOH, the recoveries of organic acids were merely in a range of 22 ± 2 to 95 ± 3%. For the single organic acid, the recoveries gained by the proposed method were raised to a different extent. For example, the recoveries of oxalic, tartaric, malic, citric and fumaric acids were increased from 83 ± 4, 93 ± 1, 22 ± 2, 63 ± 5 and 84 ± 3 to 98 ± 2, 100 ± 2, 85 ± 2, 90 ± 2 and 89 ± 2%, respectively. For methanoic and lactic acids, their recoveries obtained by two methods were equivalent. When water was used as an extractant, the recoveries ranged between 9 ± 2 and 86 ± 6%, suggesting that it was rather weaker for the extraction of most LMWOAs. These results indicated that 1.0 M KF with 0.1 M NaOH had higher extraction efficiencies for LMWOAs in variable charge soils than water or 0.1 M NaOH alone.
The desorption of the organic acids could be enhanced with different extractants by different mechanisms. On the surface of variable charge soil, there are many of the hydroxyl groups incorporated with Al 3+ and Fe 3+ , 22, 23 and some of them could be substituted by the anions of organic acids, such as citric and oxalic acids. Fluoride ion has a stronger affinity to Al 3+ and Fe 3+ on the surface of variable charge soils. The literature shows that a specific adsorption of fluoride resulted in the release of 60% hydroxide ions, increased negative charge by 25 -30% and decreased positive charge by 10 -25%. 22 While LMWOAs specifically adsorbed by variable charge soils were extracted, the fluoride ion added would compete with LMWOAs for adsorption sites, and would release them into a soil solution. This assumption was verified by the recoveries of LMWOAs obtained by single 1.0 M KF (Table 2) . On the other hand, some LMWOAs may be adsorbed by soil organic matter, such as humic substances, via hydrophobic interactions, donoracceptor interaction and hydrogen bonding. [26] [27] [28] Aqueous NaOH is a common extractant for soil humic substances. Because variable charge soils were further extracted by NaOH, the desorption of LMWOAs adsorbed by soil organic matter could be enhanced.
Furthermore, during acidification of the supernatant, HF produced could hinder from adsorption of some of LMWOAs to precipitate humic substances. Thus, KF together with NaOH had a higher extraction efficiency for some LMWOAs, compared with KF or NaOH alone.
Acetic acid has been found to be a component of LMWOAs in soils. 3, 12 Unfortunately, it could not to be quantified with our method. The recovery was usually more than 100%, even if extracted by water, meaning additional acetic acid was introduced into the samples. Ethyl acetate in the process of enriching organic acids might be responsible for the fault, since ethyl acetate is a mixture containing a smaller quantity of acetic acid and ethanol derived from its hydrolysis induced by various factors. This indicated that other organic solvents should be applied instead of ethyl acetate, if acetic acid is a target organic acid, in spite of being used as organic solvents for the extraction of LWMOAs in previous research. 12 
Application
The LMWOAs in moist field soils under the vegetation of both mason pine (Pinus massoniana Lamb) and Tumbledown Eucalyptus (Eucalyptus dealbata A. Cunn) were determined, and the results are given in Table 3 . The contents of LMWOAs in the soil under mason pine ranged between 0.3 and 21.8 mmol/kg with the order of malic acid > methanoic acid ≈ tartaric acid > oxalic acid > citric acid > lactic acid > fumaric acid. Under Tumbledown Eucalyptus, LMWOAs were in the range from 0.1 to 23.7 mmol/kg, and the sequence of their contents was methanoic acid > malic acid > lactic acid > tartaric acid > oxalic acid > citric acid > fumaric acid. This indicated that the contents of organic acids in soils were dependent on the vegetation types.
Conclusions
In this work, an extraction method for low molecular weight organic acids in variable charge soil was developed. The main procedures were that the moist field soil was extracted by 1.0 M KF with pH 4.0 and shaken for 2 h, followed by the addition of 0.1 M NaOH and shaken for another 20 h. The suspension was then centrifuged at 10000 rpm for 30 min. The obtained supernatants were acidified with 2.0 M HCl. The LMWOAs in the filtrates were extracted with ethyl acetate and detected by RE-HPLC. Sciences.
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ANALYTICAL SCIENCES MAY 2007, VOL. 23 Table 2 Recovery (%) of LMWOAs obtained by several methods a a. The data were the mean of recoveries with relative standard deviation.
Oxalic acid 63 ± 3 91 ± 4 83 ± 4 98 ± 2 Tartaric acid 61 ± 1 90 ± 3 93 ± 1 100 ± 2 Methanoic acid 86 ± 6 89 ± 1 95 ± 3 99 ± 4 Malic acid 9 ± 2 44 ± 4 22 ± 2 85 ± 2 Lactic acid 86 ± 2 88 ± 2 91 ± 4 99 ± 5 Acetic acid > 100 > 100 > 100 > 100 Citric acid 28 ± 2 60 ± 3 63 ± 5 90 ± 2 Fumaric acid 64 ± 2 84 ± 2 84 ± 3 89 ± 2 
